Intra-Tissue Refractive Index Shaping (IRIS) uses a 405 nm femtosecond laser focused into the stromal region of the cornea to induce a local refractive index change through multiphoton absorption. This refractive index change can be tailored through scanning of the focal region and variations in laser power to create refractive structures, such as gradient index lenses for visual refractive correction. Previously, IRIS was used to create 2.5 mm wide, square, -1 D cylindrical refractive structures in living cats. In the present work, we first wrote 400 µm wide bars of refractive index change at varying powers in enucleated cat globes using a custom flexure-based scanning system. The cornea and surrounding sclera were then removed and mounted into a wet cell. The induced optical phase change was measured with a MachZehnder Interferometer (MZI), and appeared as fringe displacement, whose magnitude was proportional to the refractive index change. The interferograms produced by the MZI were analyzed with a Fourier Transform based algorithm in order to extract the phase change. This provided a phase change versus laser power calibration, which was then used to design the scanning and laser power distribution required to create -1.5 D cylindrical Fresnel lenses in cat cornea covering an area 6 mm in diameter. This prescription was inscribed into the corneas of one eye each of two living cats, under surgical anesthesia. It was then verified in vivo by contrasting wavefront aberration measurements collected pre-IRIS with those obtained over six months post-IRIS using a Shack-Hartmann wavefront sensor.
INTRODUCTION
Ever since it was first shown in 1983 that a laser could be used to perform surgery on an eye 1 , lasers have increasingly been implemented in the realm of refractive correction. This first surgery and the procedures developed over the following years used the ultraviolet (UV) light emitted by excimer lasers to ablate the stroma of the cornea to alter the curvature of the corneal surface, thereby changing the refractive power of the eye. 2 Later, the procedure called photorefractive keratectomy (PRK) was developed in 1988 by Robert Munnerlyn. 3 Building on PRK, laser in situ keratomileusis (LASIK) was developed in 1990 by Pallikaris. 4 While both procedures change corneal shape by removing material, PRK and LASIK differ in how the corneal stroma is exposed for laser ablation. In PRK, the epithelium, the outer most protective layer of the eye, is debrided, revealing the outermost layer of the stroma. In LASIK, an incision is made to create a flap containing the epithelium and outer layer of the stroma, which is then folded back to expose the mid-stroma of the cornea. Both of these methods can result in undesirable side effects from the removal of material and the cutting or removing of the epithelium. 5, 6 In 2006, Ding et al. first demonstrated that large refractive index (RI) changes, as high as 0.06, could be induced in hydrogel polymers, such as those used in contact lenses and intraocular lenses, using a high repetition rate femtosecond laser (93 MHz). However, the writing speed was extremely slow, only on the order of 0.4 µm/s. 7 By doping with dyes which enhanced the multi-photon absorption of laser light, it was discovered that this scanning speed could be increased significantly, inducing similar levels of RI change at speeds of millimeters per second. 8 Xu and colleagues built on this work to create lateral gradient index (GRIN) lenses in hydrogel samples, whereby the translation speed of the focal region was varied across the lens area, thus creating a spatially varying RI profile that enabled focusing of light.
In 2008, it was first shown that laser-induced RI change could be achieved in cornea, where it was termed intratissue refractive index shaping (IRIS). 10 The first GRIN lines inscribed using IRIS were created using a 93 MHz Ti:Sapphire oscillator operating at 800 nm. This laser produced 0.3 nJ pulses, operating well below the damage threshold of the cornea. RI changes of 0.008 were observed with a scanning speed of 0.7 µm/s. 10, 11 If, before writing, the cornea is doped with sodium fluorescein, which has a large two photon cross-section at 800 nm, significantly larger changes in RI can be achieved at significantly higher scanning speeds. The observed RI change was up to 0.015 at a scan speed of 5 mm/s. 12, 13 While material doping represented a large step forward, applying dopants to the cornea requires that the epithelium be scraped away. This, in turn, replicates many of the problems involved in PRK. One solution to eliminate the need for doping was to frequency-double the Ti:Sapphire laser to 400 nm. The cornea has significant native twophoton absorption at 400 nm, which allowed RI change as high as 0.037 to be attained at 5 mm/s, and RI change of 0.021 to be achieved at 15 mm/s.
14 After developing a new system for performing IRIS in vivo 15 , -1 D GRIN cylindrical structures were written in living cats for the first time. 16 Due to limitations of the original in vivo system, these first structures were small, 2.5 mm by 2.5 mm squares. In addition to the intended cylinder power, a significant amount of defocus was induced in these structures. The present work represents a significant advance relative to these original experiments, moving toward improved metrology and sufficiently large structures to cover the entire clinically-relevant optical zone of the human eye.
CALIBRATION OF PHASE CHANGE IN ENUCLEATED CAT GLOBES

IRIS system
The IRIS writing system used for the work presented in this manuscript utilized a frequency doubled Ti:Sapphire laser, operating at a wavelength of 405 nm, to create bulk optical phase change directly in the cornea. This laser was directed through an acousto-optic modulator (AOM) in order to enable in process, fast laser power control. The AOM uses an acoustic wave to diffract a portion of the laser light into the 1 st diffracted order. The amount of diffracted light is dependent on the amplitude of the acoustic wave. The 0 th order undiffracted light was blocked by an iris and the 1 st order light was used for the remainder of the system. The light then passed through a pair of F2 prisms to compensate for dispersion, producing a final pulse width of 165 fs. Following this, the beam was directed through a beam expander in order to enlarge the beam size at the entrance pupil of a microscope objective, thus increasing the effective NA. Due to thermal bloom in the prisms, the NA was laser power dependent and ranged from 0.55 at higher powers to 0.7 at lower powers. Finally, the beam entered a scanning system designed around a custom flexure-based stage 15 , which scanned the focal region of an attached water immersion objective through the cornea. The flexure stage is driven with four voice coil (VC) motors. A raster motion is achieved with a linear stage stepping orthogonal to the flexure stage motion in sync with the flexure-based stage turnarounds, resulting in a dense pattern of parallel lines of local phase change. Light passing through these dense line patterns sees a bulk phase change, which is the value measured and used in the remainder of this work. The flexure-based stage is mounted on a lift stage for vertical position control to set the depth of the IRIS structure and create multiple layers of phase change. A diagram of the IRIS writing system is shown in 
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DESIGN OF IRIS REFRACTIVE CORRECTORS FOR CORNEAL APPLICATIONS
After computing the calibration curve for IRIS in cornea, the next step toward writing a full structure in vivo was to design the specific lens or refractive corrector that would be inscribed. The most fundamental way to describe a lens is through the accumulated optical phase of a wavefront. The thickness of the region of RI change using IRIS has never been accurately measured, but the nonlinear nature of the process would suggest that the RI change thickness was less than 10 µm. This was thin enough that the IRIS structure could be reasonably treated as a thin lens, which in turn, can be treated as a phase transformation represented by ( ) 
where k is the wavenumber in freespace, r is the radial position in the lens, and f is the focal length of the lens. 18 The phase change profile to create a lens using the calibration from the previous section is therefore
This phase is in units of radians. By converting to variables that are more widely recognizable in the ophthalmological field and converting the units to waves at a design wavelength, we find
where D is the optical power of the lens in Diopters and λ is the design wavelength. For clinical relevance, the power of the lens must have a magnitude of at least 1.5 D (f = 666.7 mm). Using equation (3) with a design wavelength of 633 nm, a 1.5 D lens over the clinically relevant optical zone of 6.0 mm yields a maximum phase change of 10.66 waves at 633 nm. This is significantly higher than the IRIS process can achieve in cornea.
While the total magnitude of the phase difference over the full structure is much too great for IRIS, it is possible to wrap the phase at 1 wave intervals. This would create a structure with a 1 wave maximum phase difference across the structure, while maintaining the same optical power. This type of structure is called a Fresnel lens, also known as a kinoform lens. [19] [20] [21] By collapsing the phase in this way, a structure with a series of zones with phase wrapping between 0 and 1 wave is achieved. A comparison of the two different structures can be seen in Fig. 8 . The phase Fresnel lens works as a diffractive optical element (DOE). With DOEs, the focus is dependent on the number of zones, with more tightly spaced zones resulting in a more powerful lens. This is beneficial for writing a lens using IRIS because, while the optical phase change induced was characterized, the uncertainty in the calibration was relatively large. However, if the peak phase change is not equal to an integer number of waves, the diffraction is not perfectly matched and the light will be directed into different diffractive orders, corresponding to different foci along the optical axis. These foci are located at integer multiples of the first order focus location. This creates what is called a multi-focal optic, which has been leveraged for design of IOLs for people with presbyopia. 22 The amount of light sent into the different orders, or diffraction efficiency, can be calculated using
where m is the diffracted order of interest, m 0 is the design order, and µ is a parameter determined by the departure from the design zone height. In the case of the structures used in this design, µ can be calculated with
where h is the peak-to-valley phase height of the structure, h 0 is the design phase height necessary to diffract all light to the design order, λ 0 is the design wavelength, and λ is the measurement or observation wavelength. With µ = 1, η is 1 for the design order and 0 for all other orders.
The Fresnel phase profile shown in red in Figure 838 was converted to an incident laser power using the fit equation from Fig. 7 . This was used as the laser power prescription in one dimension for the design of the IRIS structure. The structure was designed as a cylindrical Fresnel lens, with the prescription governing the laser power delivered along the x-(linear stage-) axis, and the laser power remaining constant along the y-(flexure stage-) axis. The software was developed such that an AOM voltage to laser power calibration could be loaded onto the computer on the day of writing, and the software would convert the laser power at a position into an AOM voltage in real time.
REFRACTIVE CORRECTIONS IN LIVE CATS
In vivo IRIS Procedure
Two eyes, one each from two different young adult domestic short hair cats were used for in vivo IRIS experiments. In the months leading up to the IRIS procedure, the cats were behaviorally trained to fixate along the optical axis of a custom Shack-Hartmann wavefront sensor (SHWS), as previously described. 23, 24 Prior to the IRIS procedure, several spot array patterns were collected using the SHWS to construct a baseline wavefront for the eye that was to undergo IRIS, so that its wavefronts post-IRIS could be compared.
For the IRIS procedure, the cats were put under surgical (ketamine, 5 mg/kg, dexmedetomidine hydrochloride 0.04 mg/kg) and topical anesthesia (proparacaine 0.5%; Falcon). The cat's head was then stabilized using a titanium headpost attached to the skull. The headpost was attached with a dowel pin to a 3-axis manual stage with the attachment point itself designed to provide rotation about the axis of the headpost. The cornea was applanated using the applanator shown in Figure 2 . The parameters for writing the IRIS Fresnel structures were the same as those listed in Table 1 , except for bar size parameters, which were not applicable. Each Fresnel lens was designed to be 5.9 mm in diameter, following the phase profile for a -1.5 D Fresnel lens shown in Fig. 8 . The flexure based scanning system operated over a 6.5 mm by 6.0 mm region with all points outside the 5.9 mm circular Fresnel lens set to zero laser power through the AOM. Before mounting the cat, an AOM voltage to delivered laser power calibration curve was measured. This curve was used to create the AOM voltage prescription corresponding to the Fresnel structure shown in Fig. 8 . With the cat mounted and the prescription calculated, the IRIS procedure was performed with a total runtime for all three layers of 30 minutes.
Once the IRIS procedure was complete, the applanator was removed from the eye and the cat was unmounted from the system. Once the cats recuperated enough from anesthesia to cooperate with wavefront measurements (usually 1-2 days), each eye's wavefront was measured using the SHWS at regular intervals over the following 6 months. As of the writing of this manuscript, wavefronts continue to be measured in these two eyes.
For this work, Zernike Polynomials were used to describe the reconstructed wavefront, in accordance with standards for reporting ophthalmological aberrations. 25 The Zernike coefficients will be referred to as C j where j represents the index of a specific Zernike coefficient. The most important Zernike terms for ophthalmological aberrations are C 4, representing defocus, and C 3 and C 5 , representing the two astigmatism terms. The relations governing the conversion from these Zernike coefficients to the corresponding optical powers are
( ) ( ) , and
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where DEF is the paraxial wavefront defocus, CYL is the paraxial wavefront cylinder, ϕ is the angle of the cylinder axis, and r is the radius of the measurement zone. These equations are of opposite power from the traditional ophthalmological representation because it is the second-order optical power, not the spectacle correction, that is of interest in this work 26, 27 . In addition to the optical powers, it is often of interest to quantify the overall higher-order aberrations. This is often represented with the root mean square (RMS):
To quantify the higher-order aberrations, the sum in Eq. 9 is taken from j = 6 to 65 and is call the higher-order root mean square (HORMS) 27 .
In vivo IRIS results
Immediately after the IRIS procedure was performed, pictures were taken of each eye (Fig. 9 ). Microbubbles were visible in the cornea immediately after the procedure, but dissipated over the following 30-60 minutes, leaving the cornea completely transparent. In the case of Fresnel lenses, these bubbles made the phase-wrapped structure immediately apparent, as they only formed in the higher phase change regions of the lens (where the most laser power was delivered). vefront data r The average cy at. The defocus 
CONCLUSION
The present results present a new process for creating in vivo refractive corrections using IRIS, from system calibration to structure design, to the final in vivo procedure and metrology. A calibration between phase change and delivered laser power was attained in the corneas of enucleated cat eyes measured in a wet cell with an MZI. This calibration showed a mostly linear trend up to a saturation point between 0.6 and 0.8 waves of induced phase change at 633 nm. This calibration was used to design a -1.5 D refractive corrector in the form of a Fresnel lens. Finally, using the IRIS process, the designed Fresnel lens was inscribed into two eyes of two living cats, producing final refractive corrections that could be measured in the awake, behaving state. The average attained refractive change was -1.40 ± 0.17 D in one eye and -0.96 ± 0.10 D in the second eye, with very little induced defocus. These corrections were measured over the course of six months with a SHWS and were stable over that time.
